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SYMBOLS

Reference area, ft8
Number of blades

Chord length, ft

Section drag coefficient

Section 1ift coefficient

Rotor lift coefficient, L/°V&PS
Rotor power coefficient, P/oVTPS
Rotor thrust coefficient, T/OVT?S

Mass flow coefficient ﬁ/DVTS

Momentum coefficient, ﬁvj/qA
Drag, 1b
Diameter, ft

P

Fquivalent rotor drag, Eg - X, b

Gravity acceleration, 32.17 ft/sec?
Rotor in-plane force, 1b

Slot height, ft

Rotor 1lift, 1lb

Mach number

Mass flow rate, slugs/sec

Power, ft-1b/sec

Blade root pressure variation, psfa
Blade radial pressure variation, psfa
Atmospheric pressure, psfa

Dynamic pressure, 4,Ve?
Radius, ft
Reynolds number based on chord

Gas constant, 53.3 rt/°R
Local blade radius, ft
Airfoil trailing edge radius, ft
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Subscripts

Rotor disc area, ft®
Rotor thrust, 1b
Atmospheric temperature, °r

Airfoil thickness/chord ratio
Blade tip speed, ft/sec

Free stream velocity, ft/sec
Jet velocity, ft/sec

Weight, 1b

Rotor propulsive force, lb
Dimensionless radius, r/R
l.ocal chord station, ft

Dimensionless chord
GREEK SYMBOLS

Angle of attack, deg

Ratio of specific heats, (1.4)
Section camber

Compressor efficiency

Collective pitch, deg
Blade twist, deg
Advance ratio , V /V

o T
Dimensionless radius, r/R
Density, slugs/ft’

eb ;¢
N == (&)
Rotor solidity, (D‘

Induced angle, deg

Azirmuthal angle, deg
Rotational speed, rad/sec

Atmospheric conditions
Compressor
Duct
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Equivalent or effective
Root

Shaft

Tctal

Tip

Tip path plane
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SUMMARY

A Circulation Control Rotor (CCR) has been designed for application
to existing, conventional speed helicopters of the 5C00 to 10000 pound
weight class. A design methodology is shown which tends to minimize rotor
induced power in hover while operating at near maximum airfoil section
efficiency. The particular design was constrained by conventional disc
loadings and blade tip speeds to be consistent with available helicopter
engine/transmission combinations. The design is near optimum within
these constraints and current available data. Circulation control airfoil
and slot geometry design considerations are shown. Tip speed, solidity
and disc loading were varied to show performance sensitivity to those
parameters and to define the conditions of best overall rotor aerodynamic
efficiency. The conetrained CCR design was found to operate best at a
thrust coefficient/solidity ratio around 0.12. At this condition hover
Figure of Merit improved with increased disc loading, while cruise
aerodynamic efficiency was relatively insensitive to disc loading changes.
Overall performance exceeded or was equal to that of conventional rotor
systems for the same weight class vehicle.
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INTRODUCTION

Research and development in Circulation Control (CC) airfoils and
their application to helicopter rotors has led %o a U,S. Navy program
with the objective of developing a full scale flight demonstrator
prototype of a Circulation Control Rotor(CCR). The initial development
of efficient circulation control airfoils through analytical ard
experimental methods resulted in the design of a 6.7 foot diameter
Higrher Harmonic Circulation Control (HHCC) rotor model. The successful
performance of this model and its radically simplified control system
provided conciderable data in both hover and forward flight. Both the
HHCC rotor data and subsequent two-dimensional airfoil data have evolved
a general CCR performance prediction routine which has been correlated
with test results.

This stvdy has utilized the above routine and current available
data to design, within certain boundaries, a near optimum performance
CCR for application to the flight demonstration program. Rotor design
was constrained by existing airframe/engine availability to allow a
retrofit with minimum modification. Within these constraints, several
parameters were examined to establish a rotor design which would yield
the best performance combination in hover and forward flight. Parameters
included airfoil sections rotor solidity, disc loading, hlade tvist and
taper, tip speed, number of blades, and slot height considerations.,

Basic differences in CC airfoil performance and that of
corventional airfoils dictate that CC secticns operate at higher values
of C, (around 1.L) for best efficiency. The main impact of this is to
require CCR operation at higher CTﬁa than conventional rotor systems for
comparable performance. However, existing airframe/engine combinations
reflect conventional rotor disc loadings, conventional dblade tip speeds,
and hence conventional rotor thruet coefficients., Consequently, with

these design restrictions imposed, the rotor design in this study does
no* reflect limits on CCR in general, but rather a near optirum design
for a moderate speed retrofitted vehicle,

Several studies have been conducted, Reference 1 to 7, which
describe background information and general operation of CC airfoils.

i
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References 8 to 12 are earlier analyses of CCR performance for a /
selected blade configuration. The present study is a comprehensive

effort to trade-off all major parameters in the design of a moderate

speed, prototype CCR system. A 6.7 foot diameter model of the present

rotor design is to be fabricated and evaluated.

METHODOLOGY

DESIGN CONSTRAINTS

The full scale prototype vehicle has been limited to the 5000 t»o
10000 pound gross weight category. A review of candidate vehicle
characteristics is shown in Table 1. For any given vehicle bnth disc
loadin;t and tip speed are constrained by the irstalled power plant(s' and
transmission combination. Blade radius is also constrained by main rotor
to tail rotor clearance requirements. Maximum cruice velncity is limited
by airframe structures and vibrations. From the above considerations a
set of representative values was chosen to design arouni, and is
identified in Table 1 as the "Design Point". GSelection of such a point
within a relatively narrow range of vehicles does not nffect the resultr
of conparative trade-offs (airfoil sections, twist, ani taper . The
quantitative non-dimevnsional rotur performance has been calculatel over
# ringe of disc loadings for several tip speeds whio: allows some scaling
of performance predictions to vehicles around the "Lesi,sn Foint”,
“ertauinly specitic rotor parameters must be used for performance
calculations on a selected vehicle,

As shown in Figure 1 the CCR design rust operate at hirsher than
canventisnal /s for best hover performance. Since disc loaliny, tip
speed, nnd hbnéc CT‘ arc essentially rixed, solidity iz the orly
avallable desisn paramcter to yield the desirad CTﬂ:. [ecreacin, the
hlade chord to diameter ratio (c¢/D) ie beneficial until structural

1imits “.»e reached, For given blade stiffness requirements, zirfod

csactian thickness, and limits on macerials usable modulus, there exis::

a lower limit on blade chord., Figure 2a shows the significant reduction \
{r relative blade stiffmess as chord is decreased., For the purposer >f

thiz study that limit was taken to be 0.027 s ¢/D. This gives a minimur
ahord length of 0,864 ft for a typical 32 foot diameter rotor. Another
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affect of reduced chord is the associated reduction in slot height.

Good CC section performance requires that the slot height-to-chord

ratic (h/c) lie within the boundaries (.00l < h/e £ .003). This indicates
smaller slot heights for smaller chords, possibly creating manufacturing
difficulties and fine tolerances for rotor blades of reduced chord.
Naturally the problem is greatly magnified at small model scale,

requiring fine craftsmanship in fabrication. Figure 2b shows slot height
values versus c/D within the limits on h/c for both model scale (Dia. =

80 in) and typical full scale (Dia., = 32 ft). For comparison, the two-
dimensional models of References 2 to 5 use a (7,010 inch normal slot
height. Thus from both structural stiffness and slot height manufacturing

considerations a very smal) chord is undesirable,

0.80

1 ] T ¥ T
CIRCULATION
CONTROL
ROTOR
H 0.75F CONVENTIONAL 7
; ROTOR
- %
(=]
E 0.70 - / -
B
[ ]
- 9}
0.5} o
4 L L 1
0.05 0.07 0.09 0.1i 0.13 0.15

THRUST COEFFICTENT/SOLIDITY, C¢/¢

Figure 1 - Comparisca of Circulation Control to
Conventional Rotor Performance
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DESCRIPTION OF ANALYSIS

Basic CCR hover analysis techniques have been documented in Reference
10. The details of a blade duct flow analysis was also documented but
was not used in the reference's rotor analysis due to cost and complexity.
In lieu of that, an approximation of constant duct preesure in the radial
direction was made. The present analysis does calculate variable duct
pressure but by a simplified method. Results from a scaled duct flow
model have shown that total pressure drop in the non-rotating duct amounts
to about a 15 percent loss in relative gage pressure at the tip, with a
near linear variation from root to tip, see Figure 3. The equation
describing radial pressure rise due to centrifugal acceleration (for
constant density) is:

APy (%) = 1 o (Vi %)3

This expression added to the blade root pressure P(y) and applying the
15 percent loss factor gives the following description of pressure:

(VT x)2 (.89)

1

P(y,x) = P(¢) - .15 TP(y) - P,] X * 2 op

where P(y, x) and P(y) have dlmensions of psfa. This expression may be
applied to any cyclic P{y) variation.

Several other refinements were employed based on more detailed two-
dimensional data and a correlation between performance prediction and the
HHCC rotor model data. These refinements were for 1) slot height-to-
chord ratio changes relative *o the basic 2-D data, 2) Reynolds number
correction relative to the basic 2-D data (low RN only', 3) synthesized
camber effect relative to the basic 2-D data, and U4) compressibility
effects on section properties based on the results of Reference 3 (see
also Reference 10), Details of the h/c refinement, RN correction, and
synthesired camber effect are given in Appendix B, The basic 2-D data
curves used are given in Appendix A.

The CCR forward flight analysis includes the same corrections and
2-D data as in the hover analysis., Radial flow effects have been added
to the forward flight analysis in the calculation of H-force components,
although 1ift and torque are based ¢n standard strip theory aud do not




Figure 3a - Duct Flow Visualization Model

1.c
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Figure 3b - Total Pressure Ratio Variation

Figure 3 - Duct Flow Model and Results
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consider skewed flow, Tip assumptions do not provide 1ift contributing
forces outboard of the 97% radial station. Profile and induced drag
components at the tip are includec. Rotor pitch and roll moment trims
are accomplished by successive iterations on the l/Rev cyclic blowing
components, and the desired rotor thrust condition is obtained by
iterations on the mean magnitude of blowing (at a specified collective
pitch setting). Once the trimmed point is reached the compressor power
is calculated as in the hover analysis,

Y-l
fp 8 R T, [(PD/PA) Y '}
c (v- 1) n_

B

where nc = 0.8 {compressor efficiency). Individual blade root pressure,
PD’ is a function of azimuth angle in forward flight, but the peak
pressure required must be maintained constantly. Therefore, this peak
value of PD is used in the above equation, along with total required
rotor mass flow (ﬁT), in the calculation of compressor power (PC). Note
that the total mass flow rate, mT, is really the integral of dm/dy, and
that only the peak point in this variation requires or uses the peak
pressure mentioned above. The alternative would be to calculate Pc as

a function of azimuth, using m and PD values appropriate to each azimuth
station, and then integrate the resulting variation of ch/dv. This
alternative approach would predict significantly less power required, but
it is not felt to be representative of a practical control/compressor
system.

The forward flight computer analysis was set to automatically
increment translational velocity in steps. At each velocity the tip
path plane angle was iteratively adjusted to provide equilibrium flight
conditions baswd on input vehicle D/q and calculated rotor inplane H-

force. All forward flight data presented in this report reflect the fcrce

equilibrium, moment trimmed condition for an initial vehicle disc loading
in hover. Satisfying the following equations provided the simplified
equilibrium condition shown in Figure L,




constant weight based on selected disc loading

~ - W= |
T cos sopp * H sin arpp W=20 |
T sin aqpp " H cos Oy D=0
|
/
D !
Rotor Thrust (T)
¢
i Rotor Freestream Velocity (V)
-~ H-Force - —— =
(H) ‘r///f"-— Zero Average Hub Moment
| J Frpp
Vehicle Drag (D) Cule

Tip Path Plane (TPP)

Weight (W)

Figure 4 - Force Equilibrium Conditions

PROCEDURE \
The additional independent variable of momentum coefficient, C , to
%

decoribe 1ift distribution allows more treedom of desian for a CCR than f
for rotors of conventional airfzil sections. Since Cz is now a function '

of two independent variasbles, C and 5, it pecomes important to design

I i

the radial distribution of ¢ as well as 4. In fuct, this additional
¥

variable allows a near optimum section performance and a reduction of

P

Snp

induced power. This radial variation of ¢ was produced by a rac.al

Y
variation of slot opening. That is for a given radial variation of blade

.-‘
o
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duct pressure and corresponding radial variation of slot exit veloeity,
the mass flow rate at any radial position is determined by the slot
height at that position. Another approach might be to design various
internal restrictors or orifices so as to regulate the slot pressure
for a finite number of radial blade segments.

The general procedure was to design slot height variation, and
other parameters, for best hover performance., This was done for several
rotor configurations composed of different airfoil distributions. Each
rotor configuration was then evaluated for forward flight performance

and the airfoil sections which produced best cverall performances were
determined. Three twist angles, and associated slot height variations
to produce near uniform downwash at the disc in hover, were examined

for each contending rotor configuration. The slot distribution and slot

height were perturbed in forward flight for the better rotor designs to

evaluate performance sensitivity to those parameters,
The criterion for the radiel variation of slot height was to

produce near uniform induced velocity at the disc in hover, thereby

r‘vv‘\

minimizing induced power. Uniform inflow was related to induced angle,

@, » through strip momentum theory relations. Lock-Goldstein hover

D g

analysis from Reference 13 then proviied a target distribution of (%) Cz
z associated with the ¢, above. Characteristics »f the airfoil sections

gave the desired radial combinations of CE and 4 for best section z/de.

Specification of Cl and o at two radisl stations then prescribe a linear
twist, linear taper, and collective pitch in conjunction with the target
distributions of (3
( rest of the radial positions were then calculated, The C needed to

produce the desired C

— -+

) Cz and ¢. Operating Ct and 4 combinations for the

. at its associated 4, was calculattd from the

( two-dimensional characteristics at each station. For a known internal

duct pressure variation, slot exit velocity, local freestream velocity,
and relative chord, a relative slot height variation may be determined

i which will produce the desired C variation. The equation describing
this relative slot height distri%ution, based on the slot height at some

radial station g, is given below:

11
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C
h%x; _ “§x; e/D(x) x,3
h(z) ~ Cu g) c¢/D(e (g) (§!:§>.§33 -1
A

Once the distribution is obiained it is normalized for use in performance
prediction. These distributions are shown in Figure 5 along with
comparative variations from performance theory which are Utased on the
approximated slot height distribution. The above procedure has been
programmed for quick calculation using a backwards table look-up to
determine Cu for a given Ct’ o combination. The result of this procedure
is a blade designed for minimum induced power in hover, with at least two
radial stations operating at maximum section L/de, thereby reducing the
profile, compressor and coriolis power components.

Non-tapered blades, or non-optimum taper, will allow only one
radial station to operate at best z/de. This station was, of course,
selected at an outboard position. For one selected CL’ o point, the
target (%) Cz variation and pre-determined taper prescribe all other
values of relative chord and CL' In this case a midspan station's Cz
was chosen from the fixed variation. The y was selected from 2-D data
which gave best section L/de at that midspan operating Ct value, A
desirable linear twist was thcn defined and the design proceeded, as for
the optimum taper case, to determine required C and relative slot height
variations. Note that the above values of C wgre used only for
determination of relative slot height variatgon. They were not useu
directly in performance prediction.

DESIGN TRADE-OFF

AIRFOIL GEOMETRY

Initial airfoil trade-off studies were to establish the best root
section geometry. Tip airfoil thickness ratio (t/c) was established at
close to 0.15 from critical Mach number considerations, with the
possibility of including a small amount of camber (see Reference 7).
Typical hover performance sensitivity to root section t/c is shown in
Figure 6. This indicates some improvement in Figure of Merit with

—— e

. e




0,‘.- 0.0061
b.w 2 DESIGN PROCEDURE
— —— — PRAFORMANCE THEORY, 0 = +4°
12 - -
*r 7 UNIFORM
? = __ INFLOW
ok J
0 1 1 1 1
0.08 - -
¢
5% 0.04 | ] LOCK-
' GOLDSTEIN
0 ! 1 L 1
2 r .
C, 1F TAPER = 1.0
¢/D = 0.04
0
6[- =
lb ™~ —
a 8 = -8.6°
2 i - \ — —
o =~
0 LD 1 1 -
0.01[_
N 2-D DATA
Cu
0

1.0 F
APPROXIMATED DISTRIBUTION =
hl - S e — i e ->’/\ 1
0 / 1 1 |

() 0.2 0.4 0.6 0.8 1.0
NONDIMENSIONAL RADIAL STATION, x

Figure 5 - Desigu Procedure, Typical Hover Variations

13




with decreasing root thickness, However, the larger thickaess ellipses
have larger leading edge radii which are operational over a larger angle
of attack range, have larger C‘ capability, and have generally higher

augmentation. Furthermore the 28; thickness ratio cambered ellipse
shows much greater efficiency, making it a desirable outboard section.
Thas the root section was chosen to be 25% thick, with the 15% thick tip
section, placing the more efficient 20% section near blade midspan.

0.9 T T
£ = 0.027 b =24 o = 0.06875
D c
T
+~ 0.8} 0.009 _
[ ]
ol
¥
Be
Q
u //
[
[+ ")
t/c),= 0.15
0.6} t -
| | ]
0.30 0.25 0.20

BLADE ROOT THICKNESS RATIO, t/c).

Figure 6 - Figure of Merit Variation with Root Airfoil Thickness

The effect of camber variation cn rotor Figure of Merit is shown in

rigure 7 for selected airfoils. This shows zero camber at the tip to be
the best. An examination of tladr ~adial distributions of C‘ ard 45 clearly
provide the reason. Uniform inflow dictates the desirable Cl, o variation
shown in Figure 5 for the design twist and constrained rotour CT' Blade

tip 1ift coefficients required are quite srall for CC sections, and require

only a small amount of blowing. The added AC’ due to camber demands that

—"




the airfoil operate at reduced angle of attack to produce the same Cz.

In other words, 1lift due to camber at the tip cannot be efficiently 1
utilized. 1Its affect must be cancelled by operation at reduced alpha

which results in higher section drag and general performance reduction.

This affect diminishes as thrust coefficient is increased and higher

tip 1ift coefficients are required. The lift due to camber then becomes

beneficial as seen in Figure 7 for C,, 2 0,010, However, for a constrained

T

rotor design (CT ~ 006, % 2 .027), zero tip camber gives the better
performance,
0.9 T T T T
< = 0.027 b= o + 0.06875
D
.__—-"’#
. 0.8 _
; =
5 = g
: t
2 _ t/c)r t/c)t o/;
o / 0.25 0.15 e
0.6 0.20 020~ T T T 23 -
| l | 1

0.006 0.007 0.008 0.009 0.010 0.011
THRUST COEFFICIENT, C;

Figure 7 - Camber Effect on Hover Figure of Merit

The contrary is true for a blade root section. Relatively high Cl
performance is enhanced by the addition of camber, requiring less
compressor power, It also provides a more uniform chordwise pressure
distribution on the airfoil. This reduces the possibility of flow i
separation by minimizing pressure suction peaks and the exten: of adverse

15
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pressure gradients. The maximum circular arc camber (%) for an elliptical
airfoil is presently considered to be one-quarter (1/4) of the ellipse
thickness rutio. This gives a nearly flat airfoil lower surface for a
large percent of chord. The airfoil of Reference 2 is of such a design,
and ylelds excellent performance. This maximum camber was utilized for
the blade root airtoil, (t/c = .25, §/c = .0625). A linear variation of
t/c and g/c from root to tip defines the included airfoil geometries,

SLOT DESIGN

Slot geometry design for a CC section must consider several
parameters; slot height-to-chord ratio (h/c), slot height-to-local radius
ratio (h/tte)’ trailing edge radius-to-chord ratio (rte/c), and slot
chordwise position (x/c). The slot chordwise location must be designed
to ensure attached flow ir all section operating conditions including
forward flight, whereas radial slot height distribution is designed for
minimum induced power in hover. Design of the slot chordwise location,
outlined below, is based on the procedures used in Reference 1i. The
significant differences are (1) the method of obtaining airfoil section
operational requirements, and (2) that the procedure is applied to several
sections simultanecusly with consideration being given to interaction
and continuity of geometry. The detaiied slot design is primarily based
on the chordwise location of the aft suction peak in the section prescure
distribution. An operational range of C‘ versus ~ in forward flight is
defined by the rotor performance prediction program for each of several
radial blade sections as seen in Figure 3. When compared to a
conventional airfoil Ct' o curve, this fizure graphically portrays the
significan? difference between CCR section operation and that of
conventional rotor sections. Potential flow plots are generated for
boundary conditions of the operational range for each chosen blade section.
A typical chordwise pressure distribution is shown in Figure G, The
suction peak locations are then defined from these pressure distributions.
Since the suction peak location is dependent on trailing edge geometry
fi.e., trailing edge radius), several radii were examined, The results,
shown in Figure 10, typically provide a band of suction peak locations
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over the range of radii. The combination of airfoil trailing edge
radius and chordwise location for the slot, as chosen from the above,
is shown in Figure 11 (assuming a continuous circular arc also forms
part of the slot).
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The relative slot height distribution was determined from the rotor
hover performance considerations, as previously described, and was shown
in Figure 5. Quantitative slot height distribution was determined from
(1) the relative distribution, (°) the constraints on slot height-to- !
chord and slot height-to-radius, and (3) the above distribution of radius- ;
to-chord. A graph of these parameters is shown in Figure 12a and the |
radial variation of slot height-to-chord is shown in Figure 12b, Note
that the slot distribution of Figure 5 was related only to unity, whereas
the distribution of Figure 12b has been related to chord length. \

Airfoil section geometry has now been defined for the¢ blade
relative to the chord (t/c, &/c, rte/c, x/c, h/c). These di-tributions

were used in succeeding performance predictions, including their impact

Ll

on the refinements in Appendix B. The chcrd-to-diameter ratio (c¢/D'. or

rotor solidity, was examined next.

[ —
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SOLIDITY

Rotor solidity was previously concluded to be the least constrained
design parameter to obtain a CT/C, which is compatible with good CCR
performance, see Figure 1. A range of solidity, associated with the
! desired operative range of CTAg for a specified thrust coefficient, is
shown in Figure 13a for the "Design Point" of Table 1 (CT = ,0061) and
for 1504 of that value (CT = .009). The larger Cp may be obtainable by
acceptable design changes in disc loading and tip speed for some vehicles.
s However, for the Design Point a very low range of solidity is required.
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Figure 13b shows the trade-off between blade c/D and number of blades,
with the constraint c/D 2 0,027 as previously discussed., These figures
show maximum design CTﬁg = 0.0873 for the four bladed rotor, which is
relatively low for a CCR design even considering the cruise flight
performance compromise, A two bladed rotor is seen to allow good hover
performance, and at a more desirable c/D value, (see also Figure 2),.
The importance of lower solidity and/or higher CT in hover is shown in
Figure 14, The lowest solidity for a given number of plades is again
shown in this figure, pointing up the hover performance adventaege of the
two or three bladed configurations. Not shown is the fact that near
optimum hover performance impacts on cruise performance. The section
that produces Cz ~ 1 in hover may be asked to produce up to Cz ~ 5 on
the retreating blade at a reasonable advance ratio. This magnitude
approaches the 1limit of even a circulation control airfoil, and is

definitely not an efficient operating condition.
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Figure 14 - Figure of Merit Variation with Solidity
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The trade-off between hover and forward flight performance was
examined for a two bladed rotor and a four bladed rotor. The performance
comparison was based on rotor 1lift to equivalent drag ratio (L/De). Four
solidities were considered for each number of blades to allow a sufficient
range. Typical results are shown in Figure 15 for one of the airfoil
selections {t/c = 0.20, §/¢ = 0.00, constant section). This shows that
performance of the four bladed rotor continually improves with decreasing
¢/D, even until the lowest c/D begins to pay a penalty at the higher
speeds. Rotor CTﬁg was raised still further by decreasing c/D for the

two bladed rotor. This resulted in (1) some decrease in L/De , (2) &
max

lower velocity for L/De y (3) a reduction in trim capability, and (k)

max
a slight improvement in L/De at lower velocities, It should be noted

that the c/D = ,027 for two blades corresponds to a very high value of
CT/b (0.1745). This is well beyond current design values for conventional

rotors and yet still shows reasonable performance for this CCR design.

The previous figures have shown the effect of solidity on rotor
performance, the trade-off between ¢/D and number of blades to obtain
a desirable solidity, and the combined affect of these parameters on
rotor cruise efficienry and trim capability. Two rotor configurations
were selected from the above consideration for further analysis; a two
bladed rotor with ¢/D = .04, and a four bladed rotor with ¢/D = .027.
Airfoil geometry for the two configurations is the same. Definition of
rotor designs and airfoil geometry is given in Table 2 and 3 respectively.

2L

e g
.. ,.%I‘ :)_ .
AN

P Kisiss

Ly

S gt

|
}
]
j




8.0 ‘ : ‘ i
b =2 b =4
Cp = 0.006 Gy = 0.006 £ 1
. e i o (o] -
7.0F e = - ec 4 / 4

[« )}
o
1

wn
o
Y

LIFTING SYSTEM EFFICIENCY, L/Dg

4.0 } § L 1
c/D
~ 0.0325
—_— —— 0.030

3.0 -————— 0.027 A - -
e, 0020

1 1 ' I
0 60 120 180 0 60 120 180

VELOCITY, V, KNOTS

Figure 15 - Typical Solidity Effect on Cruise Performance
{Constant Section, t/c = 0.20, #/¢c = 0.0)

25

o ¥



TABLE 2 - ROTOR DESIGNS

ROTOR DESIGNS

Number of blades, b 2 4
Chord/Diameter, c¢/D 0.04 0.027
Solidity, ¢ 0.05092 0.06875
Design Hover Disc lLoading, lb/ft2 5.22 5.22
Design Tip Speed, fps 600. 550.
Design Hover CT/o 0.12 0.;07
Design Twist, deg -8.63 -8 63
TABLE 3 - AIRFOIL GEOMETRY
AIRFOIL GEOMETRY

Parameter Root x = 0,125 | Tip x = 1.0 | Variation
Thickness Ratio, t/c 0.25 0.15 Linear
Camber, b6/c 0.0625 0.00 Linear
Trailing Edge Radius, r/c 0.05 0.04 Linear
Slot Location, Xx/c 0.97 0.97 Constant
Slot Height, h/z 0.001 0.0025 Figure 12

| S —

Nimtrteninn



S

&

e S LI

ﬁ‘q r-h—l

FERFORMANCE RESULTS

The effects of several design parameters on overall rotor performance
were examined for the two rotor configurations of Table 2. Variations of
tip speed, blade collective pitch angle, blade twist and taper, and
relative disc loading were considered. Hot day performance was also
predicted. One of the most significant differences between CCR and
conventional rotor performance is the ability of CCR to produce a constant
thrust over a finite range of blade collective angle, (i.e., there is not
8 one to one corresponience between thrust and collective pitch setting).
There is however, an optimum collective pitch for a given thrust and
f1ight condition, which is shown later. The parametric variations of tip
speed, blade twist and teper, and relative disc loading are shown for a

selected collective pitch angle which is not necessarily optimum.

EFFECT OF TIP SPEED

Tip speed, VT’ is an important parameter since it impacts on CTﬁg,
advance ratio, and compressibility affects simultaneously. An additional
higher order affect is a change in the relative importance of 1lift due
to angle of attack and 1ift due to blowing, which tends to change the
radial 1ift distribution shape. Figure 16 shows the effect of Vpon
hover Figure of Merit (FM) for a range of blade collective pitch settings,
and on L/De in forward flight for a specific collective pitch. Redured
tip speed in hover is advantageous for both rotor designs, due primarily
to the increase in operating Cl of the sections., At a forward flight
condition however, the trend begins to reverse, The two bladed rotor
definitely gives better forward flight performance at VT = 600 fps.

This lower solidity configuration requires a higher tip speed to reduce
section Cl requirements for trim in cruise flight. However, the four
bladed rotor operates more efficiently with the lower tip speed up to

the trim 1imit. The sudden efficiency drop off is due primarily to the
compressed advanced ratio scale corresponding to the lower tip speed.
Th's trim limitation, even though shown for only cne collective angle,
was considered unacceptabie and so a compromised tip speed, VT = 550 fps,

was selected for the four bladed rotor. These respective tip speeds
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were used in succeeding performance predictions based on improved forward
flight performance, Reduced hover tip speeds would have been preferable
if maximum cruise speed requirementas had been lower.

DISC LOADING AND SOLIDITY

Performance sensitivity to disc loading, or gross weight, variation
provides an indication of performance for overload conditions, hot day
conditions, and maneuver margin. As this design is based on a constrained
hover disc loading with CTﬁs, or tip speed, chosen for cruise flight,
other values of disc loading represent off-design conditions in cruise
and should reflect decreased performagpe; This does not suggest that
performance could not be = good 6f“5§tter for designs based on other
disc loadings. Increased disc loading, or CTAJ, is beneficial to hover
Figure of Merit for both rotor configurations as shown in Figure 17. This
pattern was also shown in Figure 16 where decreased tip speed provided

~

higher LTAJ end improved Figure of Merit. However, cruise selected tip
speed places CT/° near the optimum for cruise, so effects of disc
loading variation on L/De are slightly detrimental. This trend is shown
in Figure 17 at a cruise speed of 106.6 knots, indicating that cruise
efficiency is relatively insensitive to disc loading varliation. This is
an impnrtant characteristic of CC rotors.

The effect of solidity, or c¢/D, on hover efficiency is shown in
Figure 18 for the two bladed rotor. Again hover efficiency improves with
increased CTﬁg, but solidity also impacts strongly on the compressor
power to totzl power ratic required. As solidity increases, 1lift due to
angle of attack increases requiring =ignificantly lower percentages of
compressor pover for the same disc loading. Figure 15 also shows this
compressor power ratio as it varies with collective pitch angle and CQKg.
Although compressor powar may be reduced for CTAg = ,16 by operation ;t
higher collective angles, comparison to the Figure of Merit curves shows
that total power requirements would increase. Compressor power ratio for
maximum Figure of Merit is shown to vary from ~ 0.02 at CTﬁc = ,096 up
to ~ 0.06 at CTAU = ,16, In practice it is unlikely that hover operation
would be performed at the optimum combination of collective pitch and

collective tlowing, but rather at reduced collective angles where the
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compressor power ratios are greater. Air compressor size required for }
a given gross weight vehlple is therefore dependent on the solidity

factor. This is an imporéﬁnt consideration in vehicle/rotor design from !
the standpoints of weight and volume, and may well influence the type of

air supply used.

EFFECT OF TWIST AND TAPER /

Twist and taper in conventional rotor designs are used to approach j
a near uniform inflow in hover, thereby, reducing the all important
induced power term, However, in this methodology for CCR design the
uniform inflow is approached by proper slot height distribution. This
reduces the effect of twist and taper to yielding improvements in section
z/de which affects the less important compressor, coriolis, and profile
power terms in hover, The effects of twist and taper (for fixed solidity)
are shown in Figure 19 for hover and for one advance ratio (, = 0.3).
As noted on the figure these characteristics are for different airfoil
geometry than shown in Table 3, but the trends are representative,
Maximum hover Figure of Merit is relatively insensitive to twist for the
reasons mentioned above, whereas taper is clightly beneficial as it
provides more uniform inflow. However, at , = 0.3 negative twist yields
about 15 percent improvement in L/De compared to no twist and a taper

ratio of 0.6 yields about 7 percent improvement in L/I: compared to no

[
taper. Increased L/De for the twisted blades is attriguted neinly to the
associated reductiorn ir compressor power required. At a twist angle of
-8.63 degrees the compressor power is only 2/3 of that required for the
untwisted blade., This same reduction was found for each of the three
taper ratios examined, Compressor power was also found ¢c decrease with
increasing taper, but not to an extent that would =2xplain the 7 percent
L/De improvement. The exact nature of taper affect on forward fiight
efficiency is not fully understood at this point,

Twist variations affect the two rotor configurations of Table 2 ir
the same manner shown in Figure 1G, where hover Figurs of Merit is
essentially unchanged by twist. Cruise L/De sensitivity to twist is

shown in Figure 20 for the two rotor designs. The -3.6 degrees of twist

vives improved efficiency for both rotors. l
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HOT DAY PERFORMANCE

As previously noted the disc loading affect of Figure 17 provides
an indication of hot day performance, The hot day condition was taken
to be 95° at a pressure altitude of 5000 feet representing the stringent

T
|

P L ARMY requirements. Both hover Figure of Merit and CpAg are misleading

_ for hot day performance comparisons due to the density term in their
definitions. Where hot day Figure of Merit shows about 7 percent
improvement, hot day Cpﬁg shows 37 percent more power requirement for
the same conditions. Performance comparison is therefore shown in

Figure 21 as a direct power ratio, indicating about a 9 percent increase

in required power for the hot day hover condition at the same blade
collective pitch, Optimum collective pitch angles for each condition
show less than a 7 percent difference in minimum powers required for

hover,
POWER COMPONENTS

- Compressor power, shaft power, and consequently total power for a

given flight condition are dependent on the blade collective pitch

setting. Compressor power to total power ratio was shown in Figure 16

to decrease rapidly with increasing collective piteh., Mass flow rate

~

requirements naturally follow compressor power requirements, and are

related as follows:

Power components variation with collective pitch is shown in Figure 22
for the hover case at fixed CTAJ. Increasing collective pitch requires
less compressor power, but more shaft power which is the sum of induced,
profile and coriolis contributions., Coriolis power is a function of

\ mass flow rate and so decreases as compressor power decreases. However
profile power increases with reduced C or reduced mass flow and the

"
changing radial distribution of Cz causes corresponding changes in the
induced power component. The net efte:t of these changing power comporen s
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is to establish an optimum blade collective pitch, at minimum total
power, which requires only a small percentage of compressor power,

Forward flight is compounded by the trim requirement which must be

satisfied by the proper variation and megnitude of C . The mass flow

1L
required for trim is a minimum requirement and necessarily increases with

speed. This minimum mass flow provides some rotor 1ift, and the upper
1imit on collective pitch angle is therefore that value which will provide
the remaining lift for a desired thrust. Reduced collective pitch requires

application of more collective blowing, or an overall pressure ratio

increase superimposed on that required for trim. For the purpose oi this
study a lower limit on collective pitch is defined when the maximum
pressure at any azimuthal position produces a choked condition at the jet
exit. Within these limits the operating range of collective pitch is
reduced with increased speed, as represented in Figure 23. It is

conceivable with this operating range that a practical CCR system could

be built with fixed collective pitch. However, autorotation and maneuver

capabilities would have to be examined for serious consideration.
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Variation of rotor total power and compressor power required with
CTﬁs is shown in Figure 2L for hover and for 0.3 advance ratio at a
fixed collective pitch. Although comparison to Figure £2 shows that the
collective pitch angles of Figure 24 are not optimum, the curves do show

power sensitivity to C o and compatible compressor power requirements

!
between hover and forwgrd flight. Figure 25 shows rotor power variation
with flight speed for several collective pitch angles. Curves for lower
collective pitch angles which terminate at speeds less than 154 knots
were limited by the choked jet condition. Non-dimensional mass flow
requirements are also shown in Figure 25 for the same flight conditions.
As with any rotor design, the curve shapes shown in Figure 25 are very
dependent on the operating disc loading and tip speed. The power
variation shown represents & design which favored cruise flight efliciency
over hovering efficiency. Therefore, comparison to conventional rotor
systens of the same disc loading will generally show these CCR power
requirements to be somewhat greater in low speed flight, but significantly

less at higher velocity. DPower reguirements for this CCR design may also
be reduced for low speed flight, at the expense of cruise flight power,

by reducing blade tip speed (increasing CT/G). This simply represents
the hover-cruise flight-maneuver compromise reguired in any rotor design,

as previously reflected in Figure 16.
MASS FLOW RATES

The required variation of mass flow with azimuthal station for a
single blade is shown in Figure 26 for both the two-bladed and the four-
hbladed rotor configurations., Peak-to-peak amplitude represents that mass
flow variation required for trim, whereas the mean amplitude is dependent
on the thrust and collective pitch angle combination. As shown in Figure
5 the overall rotor mass flow requirement increases for reduced
collective pitch angles. Although not shown, the two rotor designs have
nearly equal mass flow requirements as they approach their respective
trim limited collective angles (see Figure 23)., 1In the hover c¢ ndition
this is obvious since the trim limit corresponds to zero mass flow for
roth rotor designs. For the same total mass flow requirement the two-

hluded rotor must have twice the mass flow per blade as the four-bladed
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rotor. This is verified by the relative mase flow rates per blade showm
in Figure 26. The two-bladed rotor also requires a greater peak-to-peak
amplitude of mase flow than the four-bladed rotor to satisfy trim {
requirements, This is a common characteristic of two-bladed rotor
configurations and accounts for the source of greater vertical vibration (
excitation,

Different chord lengths and different blade mass flow rates provide \
for different duct air and slot air velocities between the two rotor )
designs. Since both designs have the same h/c variation, the ratio of
their respective slot heights is directly proportional to the ratio of
their chord lengths. The ratio of the two rotor designs available internal
duct area is proportional to the sguare of their chord length ratio. Using
these geometric relations and the given mass flow rates a simple comparison
can be made of the two rotor designe duct air velocity and slot air
velocity. Typically the two-bladed rotor would have 9 percent less duct
air velocity and only 35 percent greater slot air velocity in comparison

to the four-bladed rotor, even with the blade mass flow being twice that
of the four-bladed rotor, The lower duct air velocity should decrease

duct pressure losses., The greater slot air velocity is aerodynamically
more effective, but requires greater duct pressures and consequently
increases compressor power. Figure 25 shows the increased compressor
power of the two-bladed rotor in comparison to the four-bladed rotor.
In making this comparison it should be noted that the power curves for
the four-bladed rotor have taken advantage of a reduced tip speed, VT =
550 fps, which had a strong influence on rotor performance as shown in
Figure 16.

CONCLUSIONS

This rotor design study, its constraints and parametric trade-offs,
yielded the following conclusions: _
e A Circulation Control Rotor (CCR), constrained to ’

operate at conventional CT’ vequires reduced solidity

to obtain the C,rlq range for best CCk efficiency. A l
design without constraints would in general prefer a

higher disc loading range. ]




® The hover-forward flight compromise required a cruise
designed CTﬁJ vhich is less than optimum for the hover
condition. This produced & rotor system whose efficiency
is relatively insensitive to disc loading in cruise flight,
and improves with increased disc loading in hover.

® Overall rotor eificiency for the constrained CCR design
is still competitive with current conventional helicopters.

P g gEmome g g

Hover Figure of Merit for the CCR design approaches 0.8
with reduced tip speed, and cruise efficiency (L/De)
exceeds 7.0 in the propulsive mode.

Y

o The CCR can operate over a wide range of blade collective
pitch angles while generating a set thrust. This collective
angle range has a definite upper limit established by trim
requirements, and a lower limit established by the choked
Jet condition. Operation is possible beyond the choked jet
condition but is relatively inefficient. Within these
limits the collective angle range narrows with increasing

p——— ——— Prm— [Po———

velocity. The optimum colliective angle is generally one
or two degrees less than the established upper limit.

o Shaft power, and thus shaft torque for a given RPM, can be
less for the CCR design than for conventional rotor systems.
This would reduce tail rotor anti-torque power in proporticn
to the quantity of main rotor blowing. The significance of

this anti-torque power reduction has not been addressed, but
should be evaluated.

! e GCeometric blade twist is beneficial for the CCR design
for moderate forward flight speeds, Minirum induced power
[ thru proper slot height distribution eliminates any signifi-

cant affect of twist in the hover and low speed flight
‘ conditions.
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Appendix A
BASIC SECTION DATA 1

Basic two-dimensional airfoil data is available over a wide range
of C and ~ in References 2 thru 5, Section data representation in the
perf%rmance programs is by a three dimensional table look-up consisting
of (oy C , and c, or Cy) for each of three basic airfoil thickness ratios,
t/e = 0.%0, 0.20, 0.,15. Computer plots of this data are shown in Figure
Al and A2 for t/c = 0.30 and t/c = 0.15 respectively. Data for t/c = 0.20
may be found in References 2 and 10, Each sention differs not only in
t/c, but also in the h/e, s/c, rte/c, and the reference Reynolds number.
This was taken into account through the section data refinements of
Appendix B, which were obtained from additional two-dimensional data on
the same airfoil models.

These refinements then allow accurate representation of section
characteristics over a broader range of conditions than the basic cdata,
Section characteristics for intermediate airfoil thickness ratios along
the blade span were obtained by a quadratic interpclation using the
three sets of basic airfoil data.
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APPENDIX B

SECTION DATA REFINEMENTS

Camber {

Airfoil camber changes were considered to affect a uniform
translation in the Cz - C, and C, ’
and Cd values obtained from various cambered 2-D models at zero angle of
attack with no blowing. The effect of cember on CL and C, 1s shown in

d
Figure Bl., A reduction in camber from basic data for instance was

- C, curves, This was based on C {

accomplished by first adjusting camber to zero, and then adding back in

L.

the p corrections required.

Reynolds Number

Tabulated basic data was for a specific Reynolds number, but the
rotor blade airfolil sections operate over a wide range of Reynolds
numbers., Additional two-dimensional data provided a correction for the
low range of Reynolds number as shown in Figure B2. The correction was
applied in the form of an effective C,, which is less than actual C, for
Reynolds numbers 1e€sa:thah that of the basic section data. This effective

C, was then used in the table look-up routine to determire the C’ and Cd

values appropriate to the operating Reynolds numbers. Actual C, and
actual mass flow were retained for calculation of compressor power and

rotor mass flow requirements.

Slot Height-to-Chord Ratio

Distributed slot height in th2 radial direction, to yield minimum
induced power, required slot height-to-chord ratios (h/c) different from
the basic data. Additional 2-D data for various slot heights gave the
h/c refinement of Figure B3. This refinement for section Cl was applied
last as a direct Ct (corrected)/Ct (basic data) ratio. The curves show
decreased 1ift augmentation (reduced Cl at constant () for increasing
slot height-to-chord ratios beyond the basic data. These refinements
were found to hold over a wide range of angle of attack, and so were
applied over the entire operational range seen by the section. The

effective C, from the Reynolds number correction was used to determine

4
¢ the corrected CL in Figure B3, thereby amplifying the effects of each. 5
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